1. Introduction {#sec0005}
===============

Lignocellulosic feedstocks, e.g. agricultural residues and woody wastes, represent more than 90% of global plant biomass. Due to their abundance and high content (up to 75%) of polysaccharides they can be considered as a cheap alternative C-rich substrate for developing microbial processes aimed at producing novel molecules including oleochemicals \[[@bib0005],[@bib0010]\].

Stranded driftwood feedstocks are accumulated in large amounts after coastal storms along Mediterranean beaches and represent an increasing problem of disposal management for Europe. More than 200,000 tons of woody material are accumulated on Italian shores every year \[[@bib0015],[@bib0020]\]. Current Italian laws classify stranded driftwood feedstocks as non-hazardous wastes. So they are managed as ordinary residual biomass and are disposed into landfills or even burned \[[@bib0025]\]. However, due to their high cellulosic and hemicellulosic content, stranded driftwood feedstocks could be considered suitable C-rich sources for producing chemicals via microbial processes \[[@bib0030], [@bib0035], [@bib0040]\]. Since some decades oleaginous yeasts are considered potential converters of carbohydrates into lipids due to their ability to accumulate high amounts of intracellular triacylglycerols (TAGs - above 20% of their dry biomass) under appropriate conditions \[[@bib0045], [@bib0050], [@bib0055], [@bib0060], [@bib0065]\].

TAGs from oleaginous yeasts may be used as renewable sources of oleochemicals for fuels, food and cosmetic industry, namely biodiesel, soaps, plastics, paints, detergents, textiles, rubbers, surfactants and lubricants, etc. \[[@bib0070]\]. Interestingly, TAGs sometimes show fatty acid profiles and technological performances comparable with those exhibited by some vegetable oils \[[@bib0065],[@bib0075]\]. According to the literature, one of the main fatty acid produced by oleaginous yeasts is represented by oleic acid. Ideally, oils containing a high portion of monounsaturated fatty acids, such as oleic acid, can be considered good candidates to be used in food and cosmetic industry and especially for the biodiesel production in order to reduce the dependence on fossil fuels \[[@bib0055],[@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100], [@bib0105]\].

Nevertheless, due to the inability of most microorganisms including oleaginous yeasts, to directly utilize cellulose and hemicellulose, lignocellulosic biomass, including stranded driftwood feedstocks, need to be pretreated and subsequently hydrolyzed to convert recalcitrant polymers into monomeric carbohydrates \[[@bib0110]\]. Steam explosion (procedure performed to deconstruct the lignocellulosic portion making it accessible to enzymes) coupled with enzymatic hydrolysis of cellulose and hemicellulose represent crucial steps for approaching the release of simple carbohydrates. So, their optimization could determine a real improvement to the whole process \[[@bib0115]\].

The economic impact of the enzymatic hydrolysis of cellulose of lignocellulosic feedstocks after steam explosion has been studied since early 2000s. Indeed, although the use of high dosages of cellulolytic enzyme cocktails can enhance both the rate and the yield of the hydrolysis, the cost of the process could be significantly increased \[[@bib0120]\]. In order to overcome this bottleneck, some authors suggested to use high solid loadings (i.e. the amount of suspended solid feedstock during the hydrolysis of cellulose, which should be ≥15% w/w) to obtain a higher efficiency of the release of both glucose and cellobiose and reducing the production costs, energy demand and water requirement \[[@bib0125],[@bib0130]\]. Therefore the choice of the best combination of both dosage of cellulolytic enzyme cocktail and solid loading can be considered a crucial step for optimizing the enzymatic hydrolysis of cellulosic fraction obtained from stranded driftwood feedstocks for lipid production by oleaginous yeasts.

Besides the need to reduce the cost of enzymatic hydrolysis, the achievement of high values of lipid yield (Y~L~, defined as the % of fermentable carbohydrates converted into lipids), which quantifies the efficiency of bioconversion from C-rich substrate into lipid, can increase the economic advantage of producing lipids from oleaginous yeasts. Lipid yield is considered a fundamental parameter affecting the cost of the oil accumulation into microbial cells process \[[@bib0135], [@bib0140], [@bib0145]\].

Computational methods are increasingly applied in microbial processes to orient experimental planning and design of experiments and, consequently modulate enzymatic and microbial metabolic responses \[[@bib0150],[@bib0155]\]. Accordingly, in this study a response surface methodology was used to predict the best combination of two independent variables (i.e. the dosage of cellulolytic enzyme cocktail and the solid loading, both related to the enzymatic hydrolysis of cellulose obtained after steam explosion of stranded driftwood feedstocks) in order to optimize the lipid yield achieved by the oleaginous yeast *Solicoccozyma terricola* DBVPG 5870, which was previously selected as lipid overproducing strain \[[@bib0065],[@bib0160]\].

2. Material and methods {#sec0010}
=======================

2.1. Chemicals {#sec0015}
--------------

Unless otherwise specified, all chemicals were from Sigma-Aldrich (Saint Louis, Missouri, USA) while all microbiological media were from Oxoid (Basingstoke, Hampshire, UK).

2.2. Yeast strain {#sec0020}
-----------------

The strain *Solicoccozyma terricola* DBVPG 5870 was used. It was previously selected on the basis of its superior lipogenic aptitude \[[@bib0065],[@bib0160]\]. The strain is preserved under frozen conditions (−80 °C) in the Industrial Yeast Collection DBVPG of the Department of Agricultural, Food and Environmental Sciences, University of Perugia, Italy (<http://www.dbvpg.unipg.it>). Working cultures were grown on YPD agar (g/l): glucose 20, yeast extract 10, peptone 10, agar 20, pH 6.0.

2.3. Biomass feedstock {#sec0025}
----------------------

Stranded driftwood (SD) feedstocks were gathered in 2015 from the Italian coasts of Adriatic Sea. In order to collect a representative sample, different wood sizes were chosen in a 1000 m^2^ area. The biomass was preliminarily dried at 40 °C for one week and then chipped down (to increase the surface area of chips enhancing the efficiency of steam explosion - approx. diameter =3 cm) by a cutting mill \[[@bib0165],[@bib0170]\].

2.4. Biomass pretreatment: steam explosion {#sec0030}
------------------------------------------

The better combination of parameters of steam explosion (SE) has been preliminarily selected for optimizing the recovery of cellulose. The experimental design and the results are reported in Table S1 and Fig. S1 (Supplementary Material). SE of SD was conducted into a 10 l batch reactor (Biochemtex, Tortona, Italy) at 210 °C for 25 min \[[@bib0020],[@bib0065]\]. The combined effect of both temperature and time was summarized by the severity factor LogR~0~ \[[@bib0175]\] according to Eq. [(1)](#eq0005){ref-type="disp-formula"}:where:

\- t is the time of residence (sec);

\- T is the temperature (°C).

The value of the LogR~0~ used in the present work was 4.64.

Two different fractions were obtained after SE: i) a solid fraction, otherwise namely water insoluble substrate (WIS) containing mainly cellulose and lignin and ii) a liquid fraction (LF) containing mainly hemicelluloses and some inhibitors. After separation of the two fractions by stainless steel filters (cutoff =1 mm), WIS was washed with water at 50 °C for 30 min using a solid/liquid ratio = 10% \[[@bib0180]\].

2.5. Enzymatic hydrolysis of WIS and design of experiment {#sec0035}
---------------------------------------------------------

The enzymatic hydrolysis of WIS was the step subjected to the optimization procedure. A response surface methodology (RSM) was used in order to predict the best combination of both the dosage of cellulolytic enzyme cocktail and the solid loading, in order to obtain the best concentration of fermentable carbohydrates able to optimize the lipid yield of *S. terricola* (Y~L~, expressed as the % of fermentable carbohydrates converted into lipids). The experimental design generated by the software Minitab 17 (Minitab Inc., State College, Pennsylvania, USA) was a Central Composite Design (CCD) with two levels (+1 and -1) for two independent variables: i) enzyme dosage \[ED = (g of enzyme/g of cellulose loaded into the bioreactor) x 100\] and ii) solid loading \[SL = (g of dry WIS used during the hydrolysis of cellulose)/(g of WIS + buffered water + cellulolytic enzyme cocktail loaded into the bioreactor) x 100\]. The central point was replicated five times (runs 1, 6, 8, 11 and 13) and four axial points (+1.41 and -1.41) were also added for a total of 13 runs ([Table 1](#tbl0005){ref-type="table"}).Table 1A = experimental design runs (1--13) for enzymatic hydrolysis tests of water insoluble substrates (WIS) of stranded driftwood feedstocks (SD): enzyme dosage \[ED = (g of enzyme/g of cellulose loaded into the bioreactor) x 100\] and solid loading \[SL = (g of dry WIS used during the hydrolysis of cellulose)/(g of WIS + buffered water + cellulolytic enzyme cocktail loaded into the bioreactor) x 100\]; B = carbohydrates composition of hydrolyzed liquid fraction (HLF) obtained from runs 1--13; C = quantitative results achieved by *S. terricola* DBVPG 5870 grown on each HLF (runs 1--13): P~L~ = total lipid production; P~L~/DW = % of total intracellular lipid on cell biomass; Y~L~ = lipid yield; Y~oleic~ = oleic acid yield (calculated using the % of oleic acid reported in [Table 2](#tbl0010){ref-type="table"}); P~L~/d = daily productivity. The technological steps for obtaining WIS and HLF from SD are reported in the text.Table 1ABCRunsEnzyme Dosage (ED)Solid Loading (SL)Glucose (g/l)XG[\*](#tblfn0005){ref-type="table-fn"} (g/l)Cellobiose (g/l)P~L~ (g/l)P~L~/DW (%)Y~L~ (%)Y~oleic~ (%)P~L~/d \[g/(l\*d)\]Level(%)Level(%)**1**01301561.22 ± 0.540.46 ± 0.072.80 ± 0.116.58 ± 0.2049.63 ± 0.6011.05 ± 0.107.52 ± 0.230.33 ± 0**2**−1.413.1001524.08 ± 1.230.18 ± 0.011.19 ± 0.093.20 ± 0.1033.37 ± 2.4612.55 ± 0.556.55 ± 0.180.25 ± 0.01**3**013+1.4122.0766.42 ± 0.420.55 ± 0.124.23 ± 0.156.75 ± 0.2148.21 ± 1.039.49 ± 0.307.0 ± 0.160.3 ± 0.02**4**+1.4122.9001565.34 ± 1.380.61 ± 0.094.20 ± 0.086.70 ± 0.4248.46 ± 4.809.56 ± 0.617.03 ± 0.320.34 ± 0.02**5**−16−11029.81 ± 0.140.23 ± 0.031.45 ± 0.074.65 ± 0.0538.90 ± 2.5014.76 ± 0.167.47 ± 0.070.30 ± 0**6**01301555.10 ± 1.270.43 ± 0.133.82 ± 0.376.35 ± 0.1543.25 ± 0.2510.76 ± 0.257.85 ± 0.170.35 ± 0.05**7**+120−11043.40 ± 0.290.40 ± 0.113.04 ± 0.246.90 ± 0.1050.25 ± 0.4514.68 ± 0.2110.74 ± 0.170.50 ± 0**8**01301558.68 ± 0.420.47 ± 0.104.04 ± 0.526.70 ± 0.4041.36 ± 0.6010.63 ± 0.107.55 ± 0.440.28 ± 0**9**013−1.417.9330.83 ± 0.170.26 ± 0.021.92 ± 0.427.75 ± 0.0555.55 ± 7.0523.48 ± 0.1512.42 ± 0.061.10 ± 0**10**+120+12089.18 ± 0.670.76 ± 0.215.35 ± 0.37i.g.[\*\*](#tblfn0010){ref-type="table-fn"}i.g.[\*\*](#tblfn0010){ref-type="table-fn"}i.g.[\*\*](#tblfn0010){ref-type="table-fn"}i.g.[\*\*](#tblfn0010){ref-type="table-fn"}i.g.[\*\*](#tblfn0010){ref-type="table-fn"}**11**01301555.54 ± 1.210.43 ± 0.124.11 ± 0.217.05 ± 0.1544.05 ± 0.1511.75 ± 0.258.59 ± 0.170.40 ± 0**12**−16+12030.91 ± 0.200.22 ± 0.022.62 ± 0.077.70 ± 0.2048.88 ± 0.4922.85 ± 0.5911.91 ± 0.331.10 ± 0.03**13**01301551.36 ± 1.270.40 ± 0.094.04 ± 0.276.20 ± 0.1043.00 ± 2.4011.07 ± 0.188.21 ± 0.120.30 ± 0[^2][^3]

The contribution of each variable to the model and the potential interaction between variables were evaluated by regression analysis and ANOVA (confidence level = 95%). The regression model (described by a quadratic polynomial equation) was assessed by RSM. The surfaces generated by regression models were used to indicate the direction in which the original design must be displaced in order to achieve the optimal conditions, namely the most favorable combination of ED and SL to get the best hydrolyzate for obtaining the highest Y~L~ by *S. terricola* \[[@bib0185]\].

Hydrolyses were carried out in a 5 l Biostat® A-Plus-Sartorius reactor (Sartorius, Goettingen, Germany) equipped with an automatic monitoring system for controlling agitation, pH, aeration, temperature and antifoam. The enzyme cocktail used was NS-22192 (Novozyme, Bagsværd, Denmark) with an activity of 120 FPU/ml and 4500 CBU/ml \[[@bib0065]\]. Working conditions were T =50 °C, pH = 5 and stirring =300 rpm.

The hydrolyses were stopped after 96 h and the hydrolyzates were heat-treated to quench the residual enzymes activity. After hydrolysis the insoluble residual lignin fraction was separated from the carbohydrate-rich hydrolyzed liquid fraction (HLF) by filtration (filter cutoff 0.45 μm, Filter Lab®) under pressure (73 g/m^2^). HLF samples were stored at - 20 °C until use.

2.6. Lipid accumulation tests {#sec0040}
-----------------------------

Batch cultures of *S. terricola* DBVPG 5870 were conducted at 25 °C on HLF obtained using the different combinations of ED and SL settled by the experimental design ([Table 1](#tbl0005){ref-type="table"}). A loopful of 48 h yeast cells grown on YPD agar was inoculated in 50 ml orbital shaken flasks (160 rpm) containing 10 ml of pre-culture media (50% of YPD broth and 50% of each different HLF obtained from runs 1--13, according to [Table 1](#tbl0005){ref-type="table"}). The pH of pre-culture media was adjusted to 5.5 with NaOH 1 M and yeast extract was added to obtain a constant C/N ratio of 40. After 24 h of incubation, 1 ml of the pre-culture (A~600~ adjusted to 0.1, corresponding to a cell concentration of 1 × 10^6^ cells/ml) was inoculated in 100 ml orbital shaken flasks (160 rpm) containing 20 ml of each different HLF obtained from runs 1--13, according to [Table 1](#tbl0005){ref-type="table"}. As above, pH was adjusted to 5.5 with 1 M NaOH and yeast extract was added to obtain a C/N ratio of 40. Each sample was incubated until the complete depletion of carbohydrates.

Furthermore, in order to validate the results of design, a batch culture of *S. terricola* was conducted in triplicate on the HLF obtained using the optimal predicted values of ED and SL and following the above culture conditions.

2.7. Extraction of lipids {#sec0045}
-------------------------

The extraction of intracellular lipids was performed using the protocol reported in Filippucci et al. \[[@bib0160]\]. Briefly, 10 ml of each culture was centrifuged (5000×*g* for 10 min) and repeatedly washed with distilled water. The cells were then treated with 5 ml of 4 M HCl, incubated at 60 °C for 2 h in a water bath to obtain acid-hydrolyzed cells, mixed with 7.5 ml of a chloroform/methanol 2:1 (v/v) mixture and incubated at room temperature for 2 h in an orbital shaker (160 rpm). After incubation, the samples were centrifuged (3000×*g* for 10 min) to obtain the separation of the different phases. The organic phase containing the lipids was recovered and put inside glass vials which were fluxed to dryness in the dark by N~2~ flow. Glasses were then instantly sealed with a rubber septum, weighed to determine the total amount of lipids and stored at −20 °C until the Gas Chromatography (GC) analysis.

2.8. Analytical determinations {#sec0050}
------------------------------

The % of cellulose, hemicellulose and lignin of SD before SE was evaluated according to the National Renewable Energy Laboratory (NREL) analytical methods for biomass \[[@bib0190]\] and are reported in Table S2 (Supplementary Material).

WIS was then analyzed according to NREL analytical methods \[[@bib0190]\]. Briefly, acid hydrolysis (using H~2~SO~4~) was performed in triplicate to obtain C6 and C5 monomers from cellulose and residual hemicellulose. The concentration of both C5 and C6 monomers was detected by Dionex Ultimate 3000 HPLC (Thermo Scientific, Sunnyvale, CA, USA) equipped with a Biorad Aminex HPX-87H column (Biorad, CA, USA) thermo-regulated at 50 °C and a RI detector (Refracto Max 520, Thermo Scientific, Waltham, MA, USA), mobile phase = 0.01 N H~2~SO~4~, flow 0.6 ml/min. The concentration of polymeric sugars was calculated using an anhydrous correction of 0.88 and 0.90 for C5 and C6 carbohydrates, respectively. The remaining acid-insoluble residue was used for calculating the acid-insoluble lignin after removing the ash content. The % of cellulose, hemicellulose and lignin of WIS are reported in Table S2 (Supplementary Material).

The concentration of carbohydrates on HLF was determined by HPLC \[[@bib0065]\] and the total nitrogen content was determined by semi-micro Kjeldahl method \[[@bib0195]\].

During batch cultures, yeast growth was daily monitored spectrophotometrically (Beckman DU® 640, Brea, CA, USA) by measuring the A~600~, while the carbohydrates depletion was daily checked by HPLC. The amount (g/l) of yeast biomass produced after batch incubations was determined gravimetrically as cell dry weight (DW). The weight of yeast biomass and the lipids extracted from yeast cells and the content of glucose, xylose/galactose (XG) and cellobiose of the hydrolyzed biomass were used to calculate the following parameters: (i) the total lipid production (P~L~, g/l); (ii) % of total intracellular lipid on cell biomass (P~L~/DW); (iii) the lipid yield (Y~L~ = ratio between the total lipid production and the amount of carbohydrates used by yeast for growth and metabolism); and (iv) the daily productivity \[P~L~/d, g/(l × day)\].

Fatty acid (FA) profiles were determined using the following protocol: 100 mg of each sample of lipids produced by *S. terricola*, was dissolved in 4 ml of n-hexane (\>99%) in a glass vial after that 160 μl of a KOH methanolic solution 2 M were added. This solution was mixed vigorously in vortex shaker for 30 s. After this, 1.6 ml of a NaCl saturated solution was added in order to facilitate the phases separation. The sample was then centrifuged at 1000×*g* for 5 min and a 1 μl aliquot of the organic phase was analyzed by GC with Flame Ionization Detector (GC-FID) Varian 3300 (Walnut Creek, CA, USA). An TG-WAX MS capillary column (length 30 m, internal diameter 0.25 mm, fill thickness of 0.25 μm) (Thermo Scientific, Sunnyvale, CA, USA) was used for the separation of the different FA. The injection temperature was 250 °C and the oven temperature was programmed as follows: (i) a gradient of 6 °C/min from 140 to 160 °C; (ii) a gradient of 8 °C/min from 160 to 180 °C; (iii) a gradient of 4 °C/min from 180 to 240 °C; (iv) an isotherm of 15 min at 240 °C. Helium and nitrogen were used as mobile phases. FA profiles were identified by comparing their retention times with those of commercial standards of fatty acids methyl esters (F.A.M.E. Mix C8-C24, SUPELCO® - Bellefonte, PA, USA). Peak areas in the total ion chromatograms were used to determine the FA relative amounts. FA profiles were also used to calculate the oleic acid yield (Y~oleic~ = the amounts of carbohydrates converted into oleic acid, expressed as percentage). The % of saturated fatty acids (SFA), the % of unsaturated fatty acids (UFA) and the unsaturation index (UI) \[[@bib0065],[@bib0200]\] were also evaluated.

3. Results and discussion {#sec0055}
=========================

3.1. Composition of SD and WIS {#sec0060}
------------------------------

Cellulose was the principal component found in SD (31.4%), while the hemicellulosic fraction (constituted by over 80% of xylose) was about the half of the cellulose. On the contrary, lignin accounted for about 28% of total biomass (Table S2 - Supplementary Material). The WIS composition exhibited an increased content of both cellulose and lignin (44.52% and 48.45%, respectively) (Table S2 - Supplementary Material).

3.2. Responses of experimental design {#sec0065}
-------------------------------------

The carbohydrate composition of HLF obtained from the experimental design realized using different combinations of ED and SL (runs 1--13) is reported in [Table 1](#tbl0005){ref-type="table"}. Glucose was always over 90% of total carbohydrates. The five central points (runs 1, 6, 8, 11 and 13) exhibited an average glucose concentration = 57.18 ± 3.52 g/l. The highest release of glucose (89.18 ± 0.67 g/l) was observed on run 10 (obtained using 20% of both ED and SL), while the lowest ones (from 24.08 ± 1.23 to 30.91 ± 0.20 g/l) were found on runs 2, 5, 9 and 12 (ED from 3.10 to 13%; SL from 7.93 to 20%, respectively) ([Table 1](#tbl0005){ref-type="table"}). [Table 1](#tbl0005){ref-type="table"} also reports quantitative results on P~L~; P~L~/DW; Y~L~; Y~oleic~; P~L~/d exhibited by *S. terricola* DBVPG 5870 after conversion of sugars derived from the HLF obtained from experimental design using different combinations of ED and SL (runs 1--13). Interestingly, the HLF obtained from run 10 (obtained using 20% of both ED and SL and exhibiting the highest release of glucose) did not allow neither significant growth of *S. terricola* cells, nor lipid accumulation. This effect may be the consequence of the high amount of carbohydrates (95.29 ± 0.99 g/l) released after enzyme hydrolysis and is apparently consistent with a previous study underlining the impact of osmotic stress (due to the high glucose content) on yeast physiology \[[@bib0205]\]. At the same time, *S. terricola* grown on HLF from runs 9 and 12 (ED = 13 and 6%; SL = 7.93 and 20%, respectively) exhibited the best results in terms of both Y~L~ and P~L~ (23.48 ± 0.15 and 22.85 ± 0.59%; and 7.75 ± 0.05 and 7.70 ± 0.20 g/l, respectively) ([Table 1](#tbl0005){ref-type="table"}).

The FA profiles of *S. terricola* grown on the HLF obtained from experimental design using different combinations of ED and SL (runs 1--13, [Table 1](#tbl0005){ref-type="table"}) are reported in [Table 2](#tbl0010){ref-type="table"}. Overall, the main FA were palmitic (hexadecanoic acid = C16:0), stearic (octadecanoicacid = C18:0), oleic \[(9E9Z)-octadec-9-enoicacid = Δ9C18:1\] and linoleic \[(9Z,12Z)-9,12-octadecadienoic acid = Δ9,12C18:2\] acids. Other minor FA, namely caprylic (octanoic acid = C8:0), capric (decanoic acid = C10:0), lauric (dodecanoic acid = C12:0), myristic (tetradecanoicacid = C14:0), palmitoleic \[(9Z)-hexadec-9-enoicacid = Δ9C16:1), linolenic \[(9Z,12Z,15Z)-9,12,15-octadecatrienoic acid = Δ9,12,15C18:3\], arachic (eicosanoic acid = C20:0), behenic (docosanoic acid = C22:0), erucic \[(13Z)-docos-13-enoic acid = Δ13C22:1\] and lignoceric (tetracosanoicacid = C24:0) acids were also found ([Table 2](#tbl0010){ref-type="table"}). In agreement with the current literature \[[@bib0055],[@bib0065],[@bib0210]\], oleic acid was always the dominant FA produced by *S. terricola*. The Y~oleic~ values obtained on HLF from runs 9 and 12 (ED = 13 and 6%; SL = 7.93 and 20%, respectively) were 12.42 ± 0.06 and 11.91 ± 0.33%, respectively ([Table 1](#tbl0005){ref-type="table"}). Surprisingly, other HLF exhibited higher contents (i.e. more than 70%) of oleic acid (runs 1, 3, 4, 6, 7, 8, 11 and 13, [Table 2](#tbl0010){ref-type="table"}), but lower Y~oleic~ values ([Table 1](#tbl0005){ref-type="table"}). This evidence suggested that the % of oleic acid and Y~oleic~ should be considered as divergent responses.Table 2Fatty acid (FA) profiles, percentages of unsaturated and saturated fatty acids (UFA and SFA), and unsaturation index (UI) of lipids produced by *Solicoccozyma terricola* DBVPG 5870 grown on hydrolyzed liquid fraction (HLF) (runs 1--13): *C6:0* caproic acid (hexanoic acid), *C8:0* caprylic acid (octanoic acid), *C10:0* capric acid (decanoic acid), *C12:0* lauric acid (dodecanoic acid), *C14:0* myristic acid (tetradecanoic acid), *C16:0* palmitic acid (hexadecanoic acid), *Δ9C16:1* palmitoleic acid \[(9Z)-hexadec-9-enoic acid), *C18:0* stearic acid (octadecanoic acid), *Δ9C18:1* oleic acid \[(9E9Z)-octadec-9-enoic acid\], *Δ9,12C18:2* linoleic acid \[(9Z,12Z)-9,12-octadecadienoic acid\], *Δ9,12,15C18:3* α-linolenic acid \[(9Z,12Z,15Z)-9,12,15-octadecatrienoic acid\], *Δ6,9,12C18:3* γ-linolenic acid \[(6Z,9Z,12Z)-6,9,12-octadecatrienoic acid\], *C20:0* arachic acid (eicosanoic acid), *Δ11C20:1* gondoic acid \[(11Z)-11-eicosenoic acid\], *C22:0* behenic acid (docosanoic acid), *Δ13C22:1* erucic acid \[(13Z)-docos-13-enoic acid\], *C24:0* lignoceric acid (tetracosanoic acid).Table 2RunsC8:0 (%)C10:0 (%)C12:0 (%)C14:0 (%)C16:0 (%)C16:1 (%)C18:0 (%)C18:1 (%)C18:2 (%)C18:3 (%)C20:0 (%)C22:0 (%)C22:1 (%)C24:0 (%)Saturated fatty acids (%)Unsaturated fatty acids (%)UI**1**0.03 ± 0.020.02 ± 0.020.04 ± 0.010.28 ± 0.0815.97 ± 0.720.13 ± 0.015.67 ± 0.1273.50 ± 0.683.14 ± 0.120.03 ± 0.030.28 ± 0.030.15 ± 0.040.01 ± 0.010.77 ± 0.0523.2176.790.80**2**0.02 ± 0.0100.03 ± 0.010.41 ± 0.0625.30 ± 1.210.34 ± 0.0413.41 ± 0.0752.10 ± 0.216.61 ± 0.670.08 ± 0.010.46 ± 0.040.26 ± 0.0100.98 ± 0.0540.8659.140.66**3**0.02 ± 0.010.01 ± 0.010.02 ± 0.020.26 ± 0.0815.56 ± 0.630.21 ± 0.125.76 ± 0.1473.81 ± 0.563.23 ± 0.130.02 ± 0.010.24 ± 0.030.21 ± 0.0200.65 ± 0.0622.7377.270.81**4**0.01 ± 0.0100.03 ± 0.010.24 ± 0.0716.12 ± 0.540.12 ± 0.055.39 ± 0.1373.65 ± 0.673.28 ± 0.120.01 ± 0.020.25 ± 0.010.28 ± 0.0300.62 ± 0.0422.9477.060.80**5**000.02 ± 0.020.56 ± 0.0226.47 ± 0.940.42 ± 0.0313.20 ± 0.0750.61 ± 0.206.87 ± 0.740.15 ± 0.010.49 ± 0.060.25 ± 0.0200.95 ± 0.0741.9458.060.67**6**0.01 ± 00.01 ± 00.03 ± 0.010.21 ± 015.96 ± 0.540.13 ± 0.025.73 ± 0.0373.39 ± 0.363.12 ± 0.050.07 ± 0.070.33 ± 0.050.21 ± 0.0400.82 ± 0.0623.3176.690.80**7**0.06 ± 0.0300.03 ± 0.010.26 ± 0.0215.23 ± 0.420.12 ± 0.017.59 ± 0.4672.90 ± 0.122.40 ± 0.0200.69 ± 0.080.27 ± 0.0200.45 ± 0.1124.5875.420.78**8**0.02 ± 0.010.01 ± 0.010.02 ± 0.020.18 ± 0.029.74 ± 0.120.04 ± 0.0114.74 ± 0.0271.25 ± 0.511.70 ± 0.080.04 ± 0.010.71 ± 0.020.53 ± 0.010.04 ± 0.010.97 ± 0.0526.9273.080.75**9**0.01 ± 00.01 ± 00.03 ± 0.010.39 ± 026.11 ± 0.280.46 ± 0.0313.92 ± 0.4252.89 ± 0.224.49 ± 0.110.05 ± 00.54 ± 0.040.24 ± 000.86 ± 0.0342.1157.890.62**10**i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}i.g.[\*](#tblfn0015){ref-type="table-fn"}**11**0.01 ± 0.010.06 ± 0.040.05 ± 0.020.41 ± 0.2216.56 ± 1.410.13 ± 0.015.52 ± 0.0273.20 ± 1.612.87 ± 0.080.02 ± 0.020.24 ± 0.020.16 ± 0.010.04 ± 0.040.74 ± 0.0523.7576.250.79**12**0.01 ± 00.02 ± 0.010.01 ± 0.010.28 ± 0.0126.34 ± 0.430.32 ± 0.0214.21 ± 0.2552.20 ± 0.675.22 ± 0.120.09 ± 0.050.42 ± 0.030.18 ± 0.0100.70 ± 0.0442.1757.830.63**13**0.07 ± 0.050.01 ± 0.010.03 ± 0.010.21 ± 0.0215.38 ± 0.210.12 ± 0.015.76 ± 0.3273.90 ± 0.053.42 ± 0.2300.28 ± 0.010.09 ± 0.0900.73 ± 0.0422.5677.440.81[^4][^5]

3.3. Prediction of optimal results {#sec0070}
----------------------------------

Y~L~ obtained from experimental design using different combinations of ED and SL (runs 1--13, [Table 1](#tbl0005){ref-type="table"}) were used as response to generate a quadratic polynomial model to predict the best combination of ED and SL able to release the optimal concentration of carbohydrates allowing to obtain the highest Y~L~ by *S. terricola* DBVPG 5870. A second-order polynomial equation (Eq. [(2)](#eq0010){ref-type="disp-formula"}) was computed for describing the effect of independent variables (ED and SL) on dependent one (response = Y~L~).

Main effects and interactions produced by ED and SL on Y~L~ are reported in [Fig. 1](#fig0005){ref-type="fig"}. On the basis of ANOVA, non significant (p \> 0.05) coefficients were removed from the above second-order polynomial equation (Eq. [(2)](#eq0010){ref-type="disp-formula"}; R^2^ = 0.84). A simplified second-order polynomial equation (Eq. [(3)](#eq0015){ref-type="disp-formula"} R^2^ = 0.84) was recomputed accordingly.Fig. 1Second-order polynomial equation (Eq. [(3)](#eq0015){ref-type="disp-formula"} as reported in the text). Main effects and interactions produced by the independent variables: dosage of enzyme cocktail (ED) and solid loading (SL) computed after the experimental design runs (1--13).\* = significant (p \< 0.05) value.Fig. 1

The best combination of ED and SL able to release the optimal concentration of carbohydrates allowing to obtain the highest Y~L~ by *S. terricola* was predicted by the RSM. The highest Y~L~ (27.32%), close to the maximum theoretical value (31.6%) described by Ratledge \[[@bib0215]\], was predicted using the following values: ED = 3.10%; SL = 22.07% ([Fig. 2](#fig0010){ref-type="fig"}). The joint use of Eq. [(3)](#eq0015){ref-type="disp-formula"} and Response Surface Plot ([Fig. 2](#fig0010){ref-type="fig"}) suggested to use low ED and high SL. This combination, which allowed to obtain the highest Y~L~, can be considered convenient also from an economical viewpoint, because the cost of the enzyme cocktail is sometimes considered one of the bottleneck of the process. Likewise, the use of high SL can be positively considered for depleting the costs for energy supply \[[@bib0120],[@bib0130]\].Fig. 2Graphical response obtained by the second-order polynomial equation (Eq. [(3)](#eq0015){ref-type="disp-formula"}, as reported in the text). a: Response surface plot of the dependent variable (the lipid yield - Y~L~ - of *Soliccocozyma terricola*) as a function of the two independent variables \[dosage of enzyme cocktail (ED) and solid loading (SL)\]. b: Optimal values of ED and SL to obtain the maximum Y~L~.Fig. 2

3.4. Validation of the model {#sec0075}
----------------------------

In order to validate the model, a new enzymatic hydrolysis was carried out using the above combination (ED = 3.10%; SL = 22.07%) predicted by Eq. [(3)](#eq0015){ref-type="disp-formula"} and RSM. After hydrolysis, the carbohydrate composition of HLF was: glucose = 24.90 ± 0.61 g/l, XG = 0.87 ± 0.02 g/l and cellobiose = 3.31 ± 0.32 g/l. After yeast growth, a Y~L~ = 25.26 ± 0.79% was found, very close to the value predicted by the model (27.32%), thus confirming the reliability of the above reported simplified second-order polynomial equation (Eq. [(3)](#eq0015){ref-type="disp-formula"}) in predicting the best combination of ED and SL able to release the optimal concentration of carbohydrates allowing to obtain the highest Y~L~ by *S. terricola*. In addition, under the same conditions the P~L~ was 6.53 ± 0.21 g/l and the main FA were: palmitic, stearic, oleic and linoleic acids (23.94 ± 0.03%, 18.26 ± 1.32%, 47.79 ± 1.13% and 7.42 ± 0.27%, respectively). The Y~oleic~ reaches the value of 12.10 ± 0.46%. Interestingly, the above FA profile was similar to that of palm oil described in literature \[[@bib0210],[@bib0220]\], also in terms of SFA, UFA and UI ([Fig. 3](#fig0015){ref-type="fig"}). The similarity between the oil obtained from *S. terricola* grown under the above optimal conditions and that from palm represents an alternative for the renewable and sustainable production of biodegradable oils for food, feed, fuels and chemicals \[[@bib0225],[@bib0230]\]. Globally, palm oil is the most largely traded oil from oilseed crops due to its versatile use as ingredient of some food and industrial products, especially for the biodiesel production \[[@bib0235],[@bib0240]\]. Driven by its raising demand, some concerns associated with palm cultivation (i.e. deforestation, loss of biodiversity, etc.) are going to increase \[[@bib0240]\]. In this context, oleaginous yeasts including *S. terricola* could be considered as extra-source of oils exhibiting similar FA profile potentially able to mitigate the problems associated with palm cultivation \[[@bib0065]\]. Of course, the possible use of yeast oil either as a substitute or a complementary additive for palm oil is a still open question. The possibility to successfully scale up the process from the laboratory to the semi- and to the industrial scale, will also depend to the actual availability of large amounts of stranded driftwood feedstocks for feeding possible future biorefineries.Fig. 3Comparison between the profile of the main fatty acids obtained by *Soliccocozyma terricola* and those of palm oil. The differences are expressed as % respect to the composition of palm oil (reported as baseline). Main fatty acids were palmitic (hexadecanoic acid = C16:0), stearic (octadecanoic acid = C18:0), oleic \[(9E9Z)-octadec-9-enoic acid = Δ9C18:1\] and linoleic \[(9Z,12Z)-9,12-octadecadienoic acid = Δ9,12C18:2\] acids. Saturated Fatty Acids (SFA), Unsaturated Fatty Acids (UFA) and Unsaturation Index (UI) are also reported.Fig. 3

4. Conclusions {#sec0080}
==============

Stranded driftwood feedstocks usually represent wastes needing disposal costs, however they can be considered as a C-source to produce lipid by oleaginous yeasts for producing biochemicals and biofuels. The selection of the best combination of ED and SL (ED = 3.10%; SL = 22.07%) able to release the optimal concentration of carbohydrates allowed to obtain a Y~L~ by *S. terricola* DBVPG 5870 close to the theoretical maximum value. The validation of the model confirmed the reliability of the second-order polynomial equation (Eq. [(3)](#eq0015){ref-type="disp-formula"}) in predicting the best response.

Interestingly, FA profile of oil produced by *S. terricola* was comparable to that of palm oil; besides its high Y~oleic~ confirmed that such oleaginous yeast can be considered as extra-source of oils for fuels, food and cosmetic industry.
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[^2]: XG represent the sum of xylose and galactose.

[^3]: i.g. = insignificant yeast growth.

[^4]: The technological steps for obtaining HLF from stranded driftwood feedstocks (SD) are reported in the text.

[^5]: i.g. = insignificant yeast growth.
